The selfing plant Arabidopsis thaliana has been proposed to be well suited for linkage disequilibrium (LD) mapping as a means of identifying genes underlying natural trait variation. Here we apply LD mapping to examine haplotype variation in the genomic region of the photoperiod receptor CRYPTOCHROME2 and associated flowering time variation. CRY2 DNA sequences reveal strong LD and the existence of two highly differentiated haplogroups (A and B) across the gene; in addition, a haplotype possessing a radical glutamineto-serine replacement (A S ) occurs within the more common haplogroup. Growth chamber and field experiments using an unstratified population of 95 ecotypes indicate that under short-day photoperiod, the A S and B haplogroups are both highly significantly associated with early flowering. Data from six genes flanking CRY2 indicate that these haplogroups are limited to an ‫-56ف‬kb genomic region around CRY2. Whereas the B haplogroup cannot be delimited to Ͻ16 kb around CRY2, the A S haplogroup is characterized almost exclusively by the nucleotide polymorphisms directly associated with the serine replacement in CRY2 ; this finding strongly suggests that the serine substitution is directly responsible for the A S early flowering phenotype. This study demonstrates the utility of LD mapping for elucidating the genetic basis of natural, ecologically relevant variation in Arabidopsis.
A major goal of modern evolutionary biology has successfully applied in studies of Drosophila (e.g., Long been to understand the genetic basis of naturally et al. 1998), maize (Thornsberry et al. 2001) , and huoccurring variation in complex traits. Linkage disequimans (e.g., Fullerton et al. 2000) to identify genes librium (LD) mapping of candidate gene associations and specific polymorphisms within genes that underlie is an emerging approach for identifying the genes unnatural phenotypic variation. derlying such phenotypic variation (Ardlie et al. 2002) .
The LD mapping strategy has been proposed to hold Like the more established approach of quantitative trait particular promise for identifying polymorphisms unlocus (QTL) mapping, this technique infers associations derlying trait variation in the wild model plant species between genotypes and phenotypic variation by examinArabidopsis thaliana (Borevitz and Nordborg 2003) . ing genetic polymorphisms that have been shuffled into Because this species is predominantly selfing and shows different genetic backgrounds through recombination.
very low effective recombination rates, its genome conHowever, whereas QTL mapping considers only variatains extensive blocks of LD (Nordborg et al. 2002 ; tion between two crossed individuals and relies solely Borevitz and Nordborg 2003) and thus a well-defined on recombination events observed in their progeny, LD haplotype structure for LD mapping. On the other mapping exploits the phenotypic and genetic variation hand, the physical length of haplotypes associated with present across a natural population and draws infersuch low effective recombination-up to 250 kb (Nordences on the basis of past recombination events that borg et al. 2002)-could potentially be a barrier to localizhave shaped the haplotype structure of that species ing causal polymorphisms, since all polymorphisms across (Nordborg and Tavaré 2002; Borevitz and Norda haplotype are linked and their phenotypic effects are borg 2003). Specifically, the LD mapping approach indistinguishable. tests for associations between phenotypic variation and Here we examine the utility of the LD mapping aphaplotypes in a genomic region. This method has been proach in A. thaliana for identifying and elucidating natural allelic variation that is associated with flowering time, a major life history trait in this species. The change Sequence data from this article have been deposited with the EMBL/GenBank Data Libraries under accession nos. AY576055-from vegetative to reproductive development is a key AY576271. event in the life history of plants (Simpson and Dean 1 (see supplemental data, Table S1 at http:/ /www.genetics.org/ during the vegetative phase and determines the number supplemental/). Genomic DNA was isolated from young of axillary meristems potentially available for branches leaves of a single individual per ecotype using Plant DNeasy within the inflorescence. Later-flowering ecotypes dismini kits (QIAGEN, Valencia, CA). play greater potential lifetime fecundity as well as Thirty-one ecotypes were sequenced at CRY2 and ‫-1ف‬kb portions of six flanking loci. All primers were designed from greater environmental plasticity in a suite of postreprothe Col-0 genomic sequence (BAC F19P19; GenBank accesductive traits (Dorn et al. 2000) , perhaps in part because sion no. AC000104), using Primer3 (Rozen and Skaletsky a greater number of axillary meristems provide greater 2000 ; see supplemental data, Table S2 2002; Ungerer et al. 2002 Ungerer et al. , 2003 . Photoperiod (day PCR products were purified using QIAquick gel extraction length) is one important environmental cue that affects kits (QIAGEN) and sequenced directly using cycle sequencing with BigDye terminators (Applied Biosystems, Foster City, the timing of flowering. This photoperiod response is CA). DNA sequencing was performed with a Prism 3700 96-mediated in part by the blue light photoreceptor gene capillary automated sequencer (Applied Biosystems). Se-CRYPTOCHROME2 (CRY2). CRY2 acts to promote quence management was carried out using BioLign version flowering (Guo et al. 1998) Guo et al. 1998) . Under short-day condiobserved in the genes sequenced. In several instances, rare polymorphisms were confirmed with reamplification and resetions, downregulation of CRY2 protein on a diurnal quencing. GenBank accession numbers for sequenced regions cycle leads to delayed flowering relative to long-day phoare AY576055-AY576271.
toperiod (El-Assal et al. 2001) . Recently, a natural allele DNA sequences were visually aligned, and most molecular of CRY2 was shown to be responsible for the major population genetic analyses were conducted using DnaSP 3.51 effect EARLY DAYLENGTH INSENSITIVE (EDI) QTL (Rozas and Rozas 1999) . Levels of nucleotide diversity per silent site were estimated as (Tajima 1983) thaliana, and it illustrates the potential of this approach the largest subset that could be considered a single, unstratiin dissecting the genetic architecture and molecular fied population. The structure 1.0 program (Pritchard et al. basis of adaptive variation in this selfing plant species.
2000; see also Thornsberry et al. 2001) was used to identify the number of genetically distinct subpopulations that maximize the likelihood of AFLP allele distributions among ecotypes and to assign ecotypes to subpopulations. Using 50,000 MATERIALS AND METHODS iterations following a burn-in of 50,000 iterations, an optimal subpopulation number was determined to be K ϭ 4. Specifying Molecular population genetic analyses: A. thaliana ecotypes, representing the geographical distribution of the species K values of 5 or more led to minimal variation in likelihood values, indicating the absence of additional substructuring in Eurasia, were obtained from single-seed propagated material provided by the Arabidopsis Biological Resource Center within these four subpopulations (see discussion in structure 1.0 documentation). Ninety-five of the 104 ecotypes were asformed first using haplotypes based on CRY2 sequences alone signed to a single subpopulation, with the remaining 9 ecoand then using haplotypes based on the CRY2 genomic region. types distributed among the three other subpopulations. The
Sample sizes for association tests depended on the number large, unstratified subpopulation comprising 95 ecotypes was of ecotypes for which both phenotypic and genotypic data used in all tests of association between CRY2 variation and were successfully obtained and thus varied slightly among assovariation in flowering time (see supplemental data, Table S1 ciation tests. at http:/ /www.genetics.org/supplemental/); this ecotype set does not include the Cvi-0 line, which carries the early flowering CRY2 EDI allele. Because A. thaliana is a selfing species, RESULTS the structure analysis may overestimate the number of subpopulations in the sample of ecotypes that were examined (Falush Nucleotide polymorphisms and haplotype structure et al. 2003) . Thus, our exclusion from association tests of all in the CRY2 gene: We examined nucleotide variation in ecotypes that do not fall within the single largest subpopulathe CRY2 gene in a sample of 31 A. thaliana ecotypes.
tion is a conservative approach for dealing with cryptic population structure.
The sequenced region is ‫2.3ف‬ kb and includes the entire (Table 1) , which is higher (10 hr of light at 20Њ; 14 hr of dark at 18Њ). Rosette leaves than the mean level of 0.007 observed for previously were counted on the first day that the inflorescence stalk was studied A. thaliana nuclear genes (Yoshida et al. 2003) .
clearly identifiable. Rosette leaf number at bolting (RLN) was SNPs and indels define a total of seven haplotypes in calculated as the mean of replicates for each ecotype.
In October of CRY2 than in the transcriptional unit ( ϭ 0.0054 from angiosperms to ferns ( Figure 1C ), yet is polymorphic for a radical substitution within A. thaliana. This and 0.0248 for upstream and transcribed portions, respectively). As in the transcribed portion, most polymorpattern suggests that the observed amino acid replacement might well be expected to affect CRY2 protein phic sites in the upstream region differentiate the HAP A and HAP B haplogroups (14 of 20 SNPs plus all 4 function. On the basis of this radical amino acid polymorphism, we define two major subgroups within HAP indels).
Nonsynonymous substitutions result in a total of 11 A: those with Q (HAP A Q ) and those with S (HAP A S ) at codon 127 ( Figure 1A ). The HAP A Q and HAP A S amino acid replacement polymorphisms in CRY2. Eight of these occur on the long internal branch of the haplohaplogroups occur at frequencies of 68.8 and 20.4%, respectively, in the unstratified ecotype sample and diftype tree, indicating that the proteins encoded by the HAP A and HAP B groups are fixed for 8 amino acid fer solely by the four consecutive nucleotide substitutions associated with this amino acid replacement (Figdifferences (Figure 1, A and B) . The 3 remaining replacement polymorphisms occur within the HAP A ure 1A). El-Assal et al. (2001) report the occurrence of an group. Two of the 3 are unique to the Cvi-0 ecotype (haplotype A4 in Figure 1A ) and occur within the flavinamino acid substitution at position 188 in the Ler ecotype, which was not observed with the sequencing of binding domain of the protein. One of these 2-a Valto-Met replacement at position 367 (see Figure 1 , A and Ler in this study. This difference may reflect genetic variation between the specific lines examined (Ler-2 and B)-has previously been shown to result in the CRY2 EDI allele causing early flowering under short-day condiLer-0 in the previous and this study, respectively). CRY2 haplotype tagging and associations with flowtions (El-Assal et al. 2001) . A screen of Ͼ100 Arabidopsis accessions indicates that the CRY2 EDI allele is ering time: The degree of genetic differentiation that we observed in CRY2 led us to examine whether these found only in Cvi-0 (El-Assal et al. 2001) .
The third amino acid replacement polymorphism polymorphisms might be associated with variation in flowering time under long-and/or short-day conditions. within HAP A is a radical Glu (Q)-to-Ser (S) replacement at codon 127, located in the pterin-binding domain of When testing for associations between genetic and phenotypic variation, it is critical to control for cryptic poputhe CRY2 protein ( Figure 1B ; see also Guo et al. 1998; El-Assal et al. 2001 ). This substitution is associated with lation structure (stratification), which can lead to spurious positive associations (reviewed by Cardon and four consecutive nucleotide substitutions in exon 2, the middle two of which encode the amino acid change Palmer 2003). An unstratified set of 95 ecotypes was therefore used in all tests of phenotypic association (see ( Figure 1A ). The Q at this position is conserved in CRY2 proteins across 395 million years of plant evolution, materials and methods). Using RLN as an indicator of flowering time, we first confirmed that there is sigditions, the HAP A S and HAP B haplogroups are associated with significantly earlier flowering than is the more nificant variation in flowering time among ecotypes (ANOVA, P Ͻ 0.0001 for both growth chamber condicommon HAP A Q haplogroup. Defining the physical boundaries of CRY2 flowering tions and field conditions). The broad-sense heritability (H 2 ) of this trait was found to be 0.639 and 0.481 for time haplotypes: Association of rosette leaf number with CRY2 haplogroups may arise from polymorphisms long-and short-day conditions, respectively, in the growth chamber and 0.526 for plants overwintered in within this gene or from variants at linked loci that are in disequilibrium with CRY2 polymorphisms. To assess outdoor beds (field, short-day photoperiod) in Rhode Island.
the physical boundaries of the CRY2 haplogroups, we sequenced ‫-1ف‬kb segments in the four genes most We then employed a haplotype tagging strategy ( Johnson et al. 2001) for LD mapping of the flowering closely flanking CRY2 (Table 1) , using the same set of 31 accessions sequenced at CRY2. These flanking gene time alleles at this locus. Three polymorphisms that differentiate the major haplotype groups (HAP A Q , HAP sequences, together with the polymorphism data from CRY2, provide a haplotype map of an ‫-61ف‬kb genomic A S , and HAP B; see supplemental data, Table S3 at http://www.genetics.org/supplemental/) were typed in region around CRY2. The haplogroup dimorphism and the very strong linkaccessions from the unstratified ecotype sample, and associations between CRY2 haplogroups and RLN were age disequilibrium observed in CRY2 extends across this entire 16-kb region. Elevated levels of nucleotide divertested using one-way analyses of variance. For the longday growth chamber treatment, we found no association sity () are observed throughout the genomic region (Table 1) , and both Tajima's (1989) D and Fu and between major CRY2 haplogroups and RLN (ANOVA, P Ͼ 0.3, N ϭ 88; Figure 2A ). In contrast, under shortLi's (1993) D* statistics are positive for all flanking loci (although not with uniform statistical significance; see day conditions-in both the growth chamber and the field experiments-there is a significant association Table 1 ). These patterns suggest an excess of intermediate-frequency polymorphisms that would be consistent (ANOVA, P Ͻ 0.0007, N ϭ 88 and P Ͻ 0.0001, N ϭ 78 for growth chamber and field, respectively; Figure 2 , B with haplotype dimorphism throughout the region. The CRY2-region haplotype tree confirms this pattern and C). In the growth chamber, those accessions possessing HAP A S and HAP B alleles bolt significantly earof haplogroup dimorphism and extensive haplotype structure (Figure 3 ). This tree has the same basic topollier than those with HAP A Q alleles (16.34 Ϯ 0.84 and 15.10 Ϯ 1.16 rosette leaves at bolting, for HAP A S and ogy as the CRY2 tree ( Figure 1A) Figure 3 ). Thus, there is no evidence for recom-A Q but rather shows significantly later flowering than HAP B ( Figure 2C ). Taken together, these data suggest bination between sequenced haplotypes across this 16-kb region. The strong correlation of polymorphisms is that under short-day, but not long-day photoperiod con-quences from a gene located ‫7ف‬ kb farther downstream (AT1G04280) show a pattern of haplotype structure that is incongruent with that observed in the CRY2 genomic region, with a minimum of two recombinational events inferred between the CRY2 genomic region and this gene (Hudson and Kaplan 1985; n ϭ 13 accessions; R. Moore, North Carolina State University, personal communication). Taken together with data from the upstream gene rpl23A, these findings indicate that the dimorphism characterizing the CRY2 HAP A and HAP B haplogroups does not extend to these more distant loci and that recombination has occurred between the 16-kb CRY2 with equal parsimony to one of two nucleotide positions: a silent-site mutation within the first intron of a gene encoding an aldo-keto reductase-like protein, ‫4ف‬ kb also evident in an LD diagram spanning this region (see supplemental data, Figure S1 at http://www.genetics.
upstream of CRY2 (Table 1 ; Figure 3 ), or a synonymous third codon position substitution at CRY2 amino acid org/supplemental/).
To delimit the physical boundaries of the A and B position 20 (see supplemental data, Figure S2 at http:// www.genetics.org/supplemental/). In either case, the haplogroups beyond the 16-kb CRY2 genomic region, we sequenced ‫-1ف‬kb portions of two additional genes, homoplasious mutation is not unique to HAP A S . Extended CRY2 haplotypes and flowering time associlocated ‫5.32ف‬ kb upstream of this region (AT1G04480, rpl23A) and ‫52ف‬ kb downstream (AT1G04300, encodations: The well-defined haplotype structure across the 16-kb CRY2 genomic region allows us to perform associaing a MATH-domain protein), using the same 31 ecotypes as for other sequenced loci. This larger genomic tion tests for this genomic region using the same haplotype tagging strategy used for CRY2 alone. For the unregion spans a total of ‫56ف‬ kb around CRY2. A breakdown in the CRY2-region haplotype structure is apparstratified set of 95 ecotypes, we genotyped 12 SNP markers (see supplemental data, Table S3 at http:// ent in this larger genomic region. Sequences in the upstream gene, rpl23A, show a pattern of haplotype www.genetics.org/supplemental/) that define the five major haplotype groups in this genomic region (HAP structure that is incongruent with that of the CRY2 region. Haplotype clades in this gene do not correspond
, and HAP B; Figure 3) ; these haplogroups correspond to major haplotypes in the CRY2 to the HAP A, HAP B, and HAP A S haplogroups found in the CRY2 region, and a test for recombination (Hudson gene ( Figure 1A ). Genotyping with these markers yielded a sixth major haplogroup, which falls within the and Kaplan 1985) reveals a minimum of two recombinations between rpl23A and the CRY2 region.
HAP A group but which lacks SNPs characterizing any of the named HAP A Q haplotypes. This potentially heteroThe downstream gene, AT1G04300, was found to contain almost no variation at all (three silent polymorgeneous group is designated HAP A0 Q (see Figure 3) . The extended haplotype association analysis confirms phisms; ϭ 0.0004). This level of nucleotide diversity is far below that of neutrally evolving A. thaliana genes the tests based solely on CRY2 haplogroups. For shortday growth chamber conditions, there is a significant (0.007; Yoshida et al. 2003) , which suggests that this portion of the genome has been affected by evolutionassociation of flowering time with the CRY2 genomic region haplogroups (P Ͻ 0.0127, N ϭ 90; Figure 4 ). ary forces (e.g., a selective sweep) that are not observed in the CRY2 genomic region. In addition, DNA seEarlier flowering is observed in accessions containing EDI patterns of linkage disequilibrium in a species and the has a major effect on flowering time variation. Unlike resulting haplotype structure. In this study, we have the natural early flowering alleles of the former two observed two strikingly different patterns of haplotype genes, however, CRY2 EDI is observed at very low frestructure for the CRY2 haplogroups associated with early quency (in the Cvi-0 ecotype only; El-Assal et al. 2001), flowering under short-day conditions, HAP A S and HAP which suggests that its adaptive significance may, at best, B. In the case of HAP A S , the SNPs characterizing this be highly geographically localized. haplogroup comprise only four consecutive nucleoOur molecular population genetic and LD mapping tides, which include the polymorphisms responsible for analyses indicate the presence of at least two additional the radical Q-to-S amino acid replacement at position haplogroups in the CRY2 region that, like CRY2 EDI , ap-127 ( Figure 3B ). In contrast, the nucleotide polymorpear to confer early flowering under short-day condiphisms distinguishing the HAP B haplogroup from HAP tions. Alleles of small to moderate effect on flowering A extend across a 16-kb region around CRY2 and intime have not been previously isolated in A. thaliana, clude Ͼ200 SNPs in the sequenced fragments alone, of and the HAP A S and HAP B alleles at CRY2 appear to which 32 encode amino acid replacements. It is thus be the first alleles of this class described at the molecular equally likely that any polymorphism separating the HAP A and HAP B haplogroups-including those not level in this species. The CRY2 EDI allele (haplotype A4
in Figures 1A and 3) has an additive effect of approxiof a causal relationship will require transgenic complementation analysis, and the development of necessary mately Ϫ9 rosette leaves on bolting under short-day conditions (El-Assal et al. 2001 (Guo et al. 1998; El-Assal et al. 2001) . Second, the amino acid replacement associated leaves upon bolting compared to HAP A Q . Unlike FRI and FLC, CRY2 is a member of the photoperiod-depenwith HAP A S is a radical change that is otherwise conserved across vascular plants ( Figure 1C) . Third, the dent flowering time pathway, suggesting that it may be involved in determining seasonal day length cues polymorphisms that distinguish HAP A S are found exclusively in CRY2 and are not in strong LD with any of (Mouradov et al. 2002; Simpson and Dean 2002) . The small additive effect on flowering time associated with the assayed markers across the 65-kb genomic region examined (Figure 3 ; see also supplemental data, Figure  these CRY2 haplogroups suggests that they may serve to modulate the floral transition rather than act as primary S1 at http://www.genetics.org/supplemental/). In contrast to HAP A S , the broad physical expanse of the HAP determinants of life history characteristics, as proposed for FRI or FLC (Johanson et al. 2000; Le Corre et al. B haplogroup across this genomic region prevents the precise identification of the specific gene underlying 2002; Gazzani et al. 2003; Michaels et al. 2003) . Further field analyses may determine the ecological significance the association with early flowering. More extensive analysis of this region will be necessary to delimit the of these modulating effects on early flowering.
Two lines of evidence suggest that genetic variation precise boundaries of this haplotype block. These analyses illustrate the utility of LD mapping within the CRY2 region may be reflecting adaptive evolution. First, the HAP A S and HAP B haplogroups form approaches in identifying and localizing QTL within the selfing species A. thaliana. The application of LD two distinct clusters on the CRY2-region haplotype tree (Figure 3 ), which indicates that these early flowering mapping techniques to A. thaliana has been widely discussed (e.g., Borevitz and Nordborg 2003), and there haplotypes have two independent evolutionary origins; together with the CRY EDI allele, there are thus three have been extensive analyses of the extent of LD in this species as a prelude to mapping efforts (Nordborg et documented origins of early flowering in the CRY2 genomic region. Independent evolution of early flowering al. 2002). The levels of LD that we observed in the CRY2 genomic region suggest that a haplotype-based alleles has also been observed in the FRI (Johanson et al. 2000; Le Corre et al. 2002) and FLC (Gazzani et al. approach to mapping may be more appropriate in A. thaliana than the individual SNP association approach 2003; Michaels et al. 2003) genes, and the multiple origins of this phenotype may indicate strong selection that appears to be successful in Drosophila (Long et al. 1998 ) and in maize (Thornsberry et al. 2001) . The and possibly local adaptation for early flowering within this weedy species. Second, like early flowering alleles use of haplotypes rather than individual SNP markers in A. thaliana association studies exploits the more exfound at FRI, the HAP A S and HAP B haplogroups occur at moderate frequencies across the species range (Fig- tensive haplotype structure in this species for localizing QTL and ensures that significant associations can be ure 1A; see supplemental data, Table S1 at http://www. genetics.org/supplemental/). Thus, unlike the extremely detected even when multiple alleles of the same additive effect are present. It thus appears that A. thaliana LD rare CRY EDI allele, these CRY2 haplogroups may have widespread ecological importance. This hypothesis is mapping shares more in common with human mapping approaches that exploit extended haplotypes ( Johnson supported by an analysis of the geographical distribution of these alleles, which indicates that, within the HAP et al. 2001) and that this selfing species may provide a genetic model organism for testing LD mapping meth-A haplogroup, the prevalence of the earlier-flowering A
